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Abstract.  The human HSP70 gene was modified in 
vitro using oligonucleotide-directed mutagenesis to add 
sequences encoding a peptide from the testis-specific 
form of human lactate dehydrogenase (LDH) to the 
carboxy terminus of HSP70. The peptide-tagged 
HSP70 can be distinguished from the endogenous 
HSP70 protein using an LDH peptide-specific antise- 
rum in indirect immunofluorescence assays of cells 
transiently transfected with an expression vector con- 
mining the tagged HSP70 gene regulated by the human 
HSP70 promoter. A series of deletion mutants within 
the HSP70 protein coding region were generated. 
Using double-label indirect immunofluorescence with 
the LDH peptide-specific antiserum and HSP70- 
specific mAbs, we compared the intracellular distribu- 
tion of the deletion mutants to that of endogenous 
HSP70. We have determined that sequences in the car- 
boxy terminus of HSP70 are necessary for proper 
nucleolar localization after heat shock. In contrast, se- 
quences in the amino terminus of HSP70 are responsi- 
ble for the ATP-binding  ability of the protein. Mutants 
that were unable to bind ATE however,  still displayed 
nucleolar association, indicating that ATP binding is 
apparently not required for interaction with substrate. 
Additional support that HSP70 appears to be com- 
posed of at least two domains follows from the results 
of trypsin digestions of wild type and mutant HSP70. 
Protease digestion of the mutant HSP70 proteins 
identified a region of HSP70 that, when deleted, 
affected HSP70 conformation. 
L cells respond in a similar manner to abrupt changes 
in their environment.  Exposure  to temperatures  a 
few degrees above normal, and to a variety of other 
chemicals (amino acid analogues, ethanol, arsenite, various 
heavy metals, and certain inhibitors of mitochondrial func- 
tion) results in rapid changes in gene expression. The synthe- 
sis of a small set of proteins is induced,  whereas synthesis 
of the normal  complement  of proteins  present  before the 
stress treatment is diminished (reviewed in references 10 and 
18). The heat- or stress-induced proteins are referred to by 
their  molecular  mass,  and  their  collective  induction  is 
thought to confer upon the cells the ability to recover from 
the stress treatment, and to provide a transient degree of pro- 
tection from subsequent stress.  Characterization  of the in- 
duction of  the various stress proteins by a multitude of  agents 
in many different cell types, as well as the apparent protec- 
tive effects of the stress proteins have been well documented 
(see reference  19). However, the biochemical  functions of 
the individual stress proteins have yet to be determined. 
Because of their abundance and high degree of induction 
in stressed cells and their striking conservation among spe- 
cies (t, 14), the 70-kD class of stress proteins has attracted 
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attention.  In  every  species  examined  thus  far, a  stress- 
induced protein of •70  kD has been found. In mammalian 
cells,  at least  four  different  HSP70-related  proteins  have 
been characterized.  HSP70, the most highly stress-induced 
protein, and P72, which is constitutively expressed and only 
slightly inducible, are both found in the cytoplasm and nu- 
cleus, and become associated with nucleoli after heat shock 
(40, 42). GRP78, related to HSP70 both by sequence homol- 
ogy and antigenically, resides in the endoplasmic reticulum, 
and has been demonstrated to be the heavy-chain immuno- 
globulin binding protein, BiP (26, 39). Finally, a 75-kD pro- 
tein antigenically related to HSP70 and P72 appears to reside 
within mitochondria (Mizzen, L. A., C. Chang, J. Garrels, 
and W. J. Welch, 1989, manuscript submitted for publication). 
The identification of HSP70-related proteins in distinct sub- 
cellular  compartments  has led to the suggestion that each 
protein performs similar tasks, but within its own intracellu- 
lar locale. 
With the exception of HSP70, these proteins are all ex- 
pressed at considerable levels and are quite abundant in un- 
stressed cells, suggesting that they participate in normal bio- 
chemical processes in the absence of  stress. HSP70 is strictly 
stress-inducible in most species, the notable exception being 
primate cells (43). In human cells, HSP70 is cell cycle regu- 
lated (22).  HSP70 thus also appears to function in the ab- 
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the common feature of binding to ATP-agarose, and this has 
facilitated their purification and biochemical characteriza- 
tion (41). 
We have been interested in the function of HSP70 in both 
unstressed and heat-shocked cells, with the aim of identify- 
ing cellular processes in which HSP70 participates. Clues to 
the identity of these processes can be obtained by analyzing 
the cellular components that HSP70  interacts with.  After 
heat shock,  HSP70 becomes associated with the preribo- 
somal-containing granular region of the nucleolus, and dur- 
ing recovery a fraction of HSP70 colocalizes with polyribo- 
somes suggesting that HSP70 may participate in maintaining 
ribosome assembly, and/or translation (43). Recent biochemi- 
cal evidence suggests that HSP70 and P72 are involved in the 
translocation of nascent polypeptides across membranes of 
the endoplasmic reticulum and mitochondria (7, 12, 28, 47). 
HSP70 and P72 have also been shown to interact with clath- 
rin, the cellular protooncogene p53, and the viral trans-acti- 
vating proteins of adenovirus (E1A) and SV40 (T antigen) (4, 
5,  13, 34,  37, 38, 44).  Finally, we have demonstrated that 
HSP70 displays a number of cell cycle-specific interactions 
with other proteins (23). 
Given the number and variety of reported interactions, we 
became  interested  in  identifying the  domains  of HSP70 
responsible for its interactions with other molecules. To this 
end, we have constructed a series of deletion mutants within 
the HSP70 coding region. To distinguish the mutant proteins 
from  the  endogenous  cellular  HSP70  protein,  we  first 
marked the human HSPT0 gene in vitro by adding sequences 
that encode a peptide from the testis-specific form of lactate 
dehydrogenase (LDH) ~  to the extreme carboxy terminus of 
the HSP70 coding region (24).  This marked HSP70 gene 
was then used to construct the deletion mutants. Using an 
LDH peptide-specific antiserum we were able to detect the 
products of the marked genes after transient transfection into 
HeLa and CVI cells. We present results indicating that se- 
quences in the carboxy terminus of HSP70 are necessary for 
nucleolar localization after heat shock, whereas sequences 
in the amino terminus are necessary for the ATP-binding 
ability of the HSP70 protein. In addition, we analyzed the 
ability of each deletion mutant to accelerate the recovery of 
cells after heat-shock treatment. 
Materials and Methods 
Construction of Tagged HSP70 Expression Vector  and 
Deletion Mutants 
The human HSP70 gene was tagged at the carboxy terminus of the coding 
region with sequences coding for amino acids 5-15 of human testis-specific 
LDH (24) by oligonucleotide-directed  in vitro insertional mutagenesis using 
the Amersham system (Amersham Corp., Arlington Heights, IL) based on 
a method described previously (29). The Barn HI-Hind IH fragment from 
pH 2.3 (45) containing the HSP70 coding region and flanking sequences 
was inserted into the polylinker region of the replicative form of Ml3mpl8 
and single-stranded phage DNA was prepared (21). A 67-base oligonucleo- 
1. Abbreviations  used in this paper: BBS, 50 mM N,N-bis(2-hydroxyethyl)- 
2-aminoethane  sulfonate  (BES),  pH  6.95,  280  mM  NaCI,  1.5  mM 
Na2HPO4;  EIA,  adenovirus;  FI-GAM,  fluorescein  isothiocyanate-con- 
jugated  goat  anti-mouse  antibodies;  LDH,  lactate  dehydrogenase; Rh- 
GAR, rhodamine-conjugated goat anti-rabbit antibodies; RIPA buffers, 150 
mM NaCI,  10 mM Tris-HCl, pH 7.4,  1.0% deoxycholate,  1.0% Triton 
X-100, 0.1%  SDS. 
tide (5' GAA AGG CCC CTA CTC GTC GTC CTC GAT CAG CTT CTC 
GAT CAG CTG CTC ACA GAA TTC TAC CTC CTC A 31 was synthesized 
on a DNA synthesizer (model 38013; Applied Biosystems, Foster City, CA) 
and was gel purified before use. 12 bases at the 3' end of the oligonucleotide 
hydridized to the last few codons of the HSP70 coding sequence, whereas 
12 bases at the 5' end of the oligonucleotide hydridized to the termination 
codon and the Y untranslated region. The intervening 43  bases of non- 
hybridizing sequence contained codons specifying amino acids 5-15  of 
LDH. Mutagenesis resulted in the positioning of the LDH peptide tag at the 
extreme carboxy terminus of the HPS70 coding region and creation of an 
Eco RI restriction endonuclease cleavage site at the HSP70-tag junction. 
Replicative form DNA was prepared from the mutated construct, and the 
Barn HI-Hind Ill fragment was shuttled into an expression vector containing 
188 bp of  the human HSP70 promoter (46) and the remaining 5' untranslated 
sequences to generate the wild type, tagged HSP70 expression construct 
shown in Fig.  1 A. 
To construct the deletion mutants, the mutated Barn HI-Hind III fragment 
was inserted into the polylinker region of pGEMI (Promega Biotec, Madi- 
son, Wl), and the HSP70 sequences between the indicated restriction sites 
were deleted. The proper reading frame was restored by modifying the re- 
striction endonuclease-generated ends with either Mung bean nuclease, T4 
DNA polymerase, or the Klenow fragment of DNA polymerase I before 
religation. SN was generated by deleting sequences between the Sac II and 
Nco I sites, NF by removing sequences between the Nco I and Fsp I sites, 
PB by deleting sequences from Pst I to Bcl I, BC by removing the Bc II-Cla 
I fragment and SMA by deleting sequences between two internal Sma I sites. 
The NH2-terminal deletion, NSC, was generated by deleting sequences be- 
tween the Sac II and Cla I sites, and the COOH-termination deletion, CRI, 
was generated by fusing two Eco RI sites that were generated by in vitro 
mutagenesis. The location of restriction sites is shown in Fig. 1 A and a dia- 
gram of the deleted regions of the HSP70 protein is shown in Fig.  I B. 
After construction of  the deletion mutants, the Barn HI-Hind llI fragment 
from each clone was shuttled into the expression vector as described for the 
wild-type construct. The expression plasmids were used for transfection 
studies,  while  the  pGEM  constructs were  used  for  in  vitro  transcrip- 
tion/translation. 
Transcription, Translation, and Immunoprecipitation 
of  Mutants 
The pGEM constructs containing the wild-type, tagged HSP70 gene and the 
deletion mutants were linearized with Hind III and transcribed in vitro using 
T7  RNA  polymerase.  The  resulting RNAs were translated in a  rabbit 
reticulocyte lysate in the presence of [3SS]methionine  as described (33). 
After translation, the reactions were diluted 20-fold with RIPA buffer (150 
mM NaCI, 10 mM Tris-HCl [pH 7.4] 1.0% deoxycholate, 1.0% Triton X-100, 
0.1%  SDS) and 3  #1  of the LDH peptide-specific rabbit antiserum was 
added. The reactions were rocked at 4oc for 2 h and the immune complexes 
were isolated by addition of protein A-agarose. After being washed five 
times with RIPA buffer,  the immunoprecipitated proteins were released by 
boiling in SDS sample buffer and analyzed by SDS-PAGE and fluorography. 
Transfections 
HeLa and CV1  (monkey kidney) cells were transiently transfected by a 
modification, of existing protocols (6 and 8). Briefly, plasmids to be trans- 
fected were brought to a final concentration of 20 t~g DNA/ml in 125 mM 
CaCle, 25 mM BES (N,N-bis[2-hydroxyethyi]-2-aminoethane snifonate), 
140 mM NaCI, and 0.75 mM NaeHPO4.  Cells growing in 10-cm  2 dishes 
were trypsinized, pelleted by centrifugation, and resuspended in the DNA 
solution. After 15 min at room temperature the cells were diluted with DME 
plus 10% calf serum, 0.025 vol of 0.25 M CaCI2, and 0.025 vol of 2× BBS 
(50 mM BES [pH 6.951,  280 mM NaCI,  1.5 mM Na2HPO4),  and plated. 
The plates were placed at 37°C in a humidified atmosphere equilibrated with 
3% CO2. After 16-18 h the plates were washed twice with DME and allowed 
to recover in DME plus 10% calf serum for 12-24 h at 37°C in 7-10% CO2. 
Immunofluorescence of Transfected Cells 
CV1 cells transfected as described above were plated directly onto glass cov- 
erslips after exposure to the DNA solution. After 24 h of recovery at 37°C 
in 7-10% CO2, the cells were incubated at 43°C for 2 h and then fixed in 
absolute methanol at -20°C for 2 min. The distribution of the endogenous 
HSP70 protein and of the transfected, tagged protein was determined by 
double-label immunofluorescence  using a mixture of HSP70-specific mAbs 
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sity of California, San Francisco) diluted 1:250, and the LDH-specific  rab- 
bit antiserum (generously  provided by  Dr.  E.  Goldberg,  Northwestern 
University,  Chicago,  IL) diluted 1:300. The primary antibodies were de- 
tected  after incubation with fluorescein-conjngated  goat anti-mouse (FI- 
GAM) and rhodamine-conjugated goat anti-rabbit antibodies (Rh-GAR), 
both diluted 1:70. All antibodies were diluted in PBS containing 0.5% BSA. 
The cells were photographed on a photomicmscope HI (Carl Zeiss, Inc., 
Thorowood,  NY). 
Immunoblots 
Cell lysates prepared from transfected cells were resolved by SDS-PAGE 
and the proteins were transferred to nitrocellulose (3). The filters were in- 
cubated with the LDH-specific antiserum diluted 1:500 or with a 1:300 dilu- 
tion of an HSP70-specific  rabbit polyclonal antiserum (generously provided 
by Dr. W. Welch, reference 39). The primary antibodies were detected after 
incubation with  t25I-labeled goat anti-rabbit antibodies and autoradiog- 
raphy. 
Cell Fractionation 
Cytoplasmic and nuclear fractions were prepared by hypotonic lysis. Cells 
incubated in cold hypotonic buffer (10 mM Tris-HCl  [pH 7.4],  10 mM 
NaC1, 0.1 mM EDTA) were lysed by Dounce homogenization.  The nuclei 
were pelleted by centrifugation at 2,000 g for 10 rain, and the supernatant 
and pellet were added to SDS sample buffer such that the final volumes were 
the same.  Equal amounts of cytoplasmic  and nuclear fractions were used 
for immunoblots as described above. 
ATP-binding Assays 
ATP-agarose (Sigma Chemical Co., St. Louis, MO, linked through C8) was 
washed and stored  at 4°C as a  1:1 solution in buffer B (20 mM Tris-HCI 
[pH 7.4], 20 mM NaCI, 0.1 mM EDTA, 2 mM DTT). Each mutant was syn- 
thesized in vitro by T7 RNA polymerase transcription followed by transla- 
tion in the presence of [3SS]methionine as described above. The translation 
reactions were diluted 40-fold with buffer B containing 0.5%  BSA, 200 ~tl 
of ATP-agarose was added, and the samples were rocked at 4°C for 6--8 h. 
The ATP-agarose beads were pelleted by centrifugation and the unbound 
material was removed and immunoprecipitated  with the LDH-specific  an- 
tiserum. The ATP-agarose beads were washed twice with buffer D (B sup- 
plemented with 3 mM MgCi2) containing 500 mM NaCI, twice with buffer 
D alone and twice with buffer D containing 5 mM GTP. The material bound 
to the ATP-agarose beads was eluted by rocking the beads in buffer D plus 
20 mM ATP at 4°C for 2 h. The beads were pelleted and the ATP-eluted 
material was removed and immunoprecipitated  with the LDH antiserum. 
The immunoprecipitated  proteins from the unbound and ATP-eluted frac- 
tions were analyzed by SDS-PAGE and fluorography. 
Trypsin Digestions 
After in vitro translation of the wild type or mutant proteins the reaction 
mixtures were divided into three aliquots, and either 0, 0.5, or 1.0 ttg of tryp- 
sin was  added.  The reactions were  incubated at 30°C  for  10 min and 
quenched by addition of protease inhibitors and boiling in SDS  sample 
buffer. The digestion products were analyzed by SDS-PAGE and fluorng- 
raphy. 
Results 
Construction of Tagged Mutants 
To. distinguish  proteins  encoded  by  the  transfected  genes 
from endogenous cellular stress proteins, we constructed a 
human HSP70 gene tagged at the carboxy terminus with se- 
quences  encoding  amino  acids  5-15  of the  human  testis- 
specific LDH protein.  The choice of this peptide tag was 
based on the availability of a high-titer, peptide-specific rab- 
bit antiserum to these amino acids, which showed no cross- 
reactivity  with  somatic  cell  proteins,  and  because  of the 
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Figure 1. Peptide-tagged HSP70 expression vector and HSP70 dele- 
tion mutants. (A) The human HSP70 gene was marked at the car- 
boxy terminus of the protein coding region by addition of sequences 
encoding amino acids 5-15 of human LDH, and inserted into the 
expression vector diagrammed above. The sequence of the last five 
amino acids of HSP70 is shown, as is the sequence at the HSP70- 
peptide tag junction. The restriction sites used to create the peptide- 
tagged deletion mutants are indicated beneath the coding region by 
the following letters: Sac II, S; Nco I, N; Fsp I, F; Pst I, P; Bcl I, 
B; Sma I, Sm; Cla I, C. R* denotes two Eco RI restriction  sites 
that were created by in vitro mutagenesis. (B) The graph shows the 
homology of the human HSP70 protein to Drosophila HSP70 (open 
squares) or E. coli dnaK (closed squares) along the length of the 
protein.  At the bottom of the graph the region deleted from each 
of the mutants is shown. Internal deletions are represented by shaded 
boxes, whereas terminal deletions are shown as black boxes. The 
nomenclature of the mutants refers to the restriction  sites used to 
create the deletions. The precise amino acids deleted from each mu- 
tant are as follows: NSC, 5-479; SN,  5-122;  NF,  122-264;  PB, 
351-414; BC, 415-479;  SMA, 437-617; CRI, 504-641. 
hydrophilic nature of the peptide (24).  The human HSP70 
gene was tagged in vitro by oligonucleotide-directed inser- 
tional mutagenesis as described in Materials and Methods. 
The marked gene was introduced into an expression vector 
containing 188 bp of the human HSP70 promoter, sufficient 
for both basal and stress-induced transcription of linked genes 
(46), and the complete 5' and 3' untranslated regions of the 
HSPT0 gene. The peptide tag is the only feature that distin- 
guishes  this  construct  from the  endogenous  HSP70  gene 
(Fig.  1 a). 
Once the wild-type gene was tagged, we constructed a se- 
ries  of deletion  mutants  within  the  coding  sequences  of 
HSP70  as described  in  Materials  and  Methods.  Fig.  1 B 
shows the region of the HSPT0 protein deleted from each 
mutant. Also shown is the level of sequence identity between 
human HSP70 and Drosophila HSP70 or E. coli dnaK, to 
indicate  the  regions  of HSP70  that  are most highly  con- 
Milarski and Morimoto Mutational Analysis of Human HSP70 Protein  1949 Table I. Summary of  the Phenotypes and Biochemical Properties of  liSP70 Mutants 
Localization 
Deleted 
Mutant  amino acids  Cytoplasmic  Nuclear 
Association with 
Other nuclear 
Nucleoli  structures  ATP binding 
CRI  504-641  +  +  +/-  -  + 
NSC  5--479  +  +  +  +  - 
SN  5-122  +  +  +  +  + 
NF  122-264  +  +  +  +  - 
PB  351-414  +  .... 
BC  415-479  +  +  +  +  + 
SMA  437-617  +  +  -  -  + 
served.  The precise amino acids deleted from each mutant 
are given  in the legend and in Table I. 
To insure that the cloning procedures restored the proper 
reading frame, we took advantage of  the carboxy-terminal  lo- 
cation of the peptide tag in each of the proteins.  The ability 
to immunoprecipitate  a mutant polypeptide of the predicted 
molecular weight with antibodies to the peptide tag indicated 
that the translational  reading frame remained intact through- 
out the length of the protein.  Plasmid DNAs for each of the 
mutant  constructs were linearized  and transcribed in vitro 
using  T7 RNA polymerase, and the resulting  RNAs were 
translated  in vitro in the presence of [35S]methionine using 
an  mRNA-dependent  rabbit  reticulocyte  lysate  (33).  The 
translation  reactions were boiled in SDS sample buffer, used 
in denaturing  immunoprecipitations  using the LDH-specific 
antiserum followed by protein A-agarose  and  analyzed by 
SDS-PAGE. Fig.  2 shows the proteins  immunoprecipitated 
following transcription and translation of the wild-type tagged 
gene (WT) and each of the mutant constructs.  The different 
signal intensities reflected the translational  efficiencies of the 
individual  in vitro-synthesized  RNAs. For example, the SN 
and SMA RNAs were repeatedly less efficiently translated 
than the others.  In each case, though,  the apparent  mobility 
of the immunoprecipitated  polypeptide corresponded well 
with the predicted molecular weight of each deletion mutant. 
The predicted sizes are as follows: WT, 72 kD; CRI, 57 kD; 
NSC, 20 kD; SN, 59 kD; NF, 56 kD; PB, 66 kD; BC, 65 
kD; SMA, 52 kD. 
Figure 2. In vitro transcription, translation, and immunoprecipita- 
tion of  the mutants, pGEM constructs containing the deletions were 
linearized and transcribed in vitro. The resulting RNAs were trans- 
lated  in  vitro  in  rabbit  reticulocyte  lysate  in  the  presence  of 
[3sS]methionine,  and  the  translation  reactions  were  immnnopre- 
cipitated with antibodies to the peptide tag.  The immunoprecipi- 
tared proteins were analyzed by SDS-PAGE. A  fluorograph of the 
gel  is  shown.  WT  refers  to  the  wild-type,  tagged  protein.  The 
predicted molecular weights of the tagged proteins are as follows: 
WT, 72-kD; CRI, 57 kD; NSC, 20 kD; SN, 59 kD; NF, 56 kD; 
PB, 66 kD; BC, 65 kD; SMA, 52 kD. 
Figure 3.  Expression of mutant proteins in transiently transfected 
cells, HeLa evils were transfccted with  10 #g of each DNA con- 
struct. After transfection, the cells were incubated at 43°C for 2 h 
and lysed in SDS sample buffer. The transfected cell lysates were 
resolved  by  SDS-PAGE  and  the  proteins  were  transferred  to 
nitrocellulose. The filter was probed with the LDH peptide-specitic 
antiserum  followed  by  nSl-labeled  goat  anti-rabbit  antibodies. 
Shown  is an  autoradiograph  of the  filter.  UT,  nntransfected  cell 
lysate. 
The Journal of Cell Biology, Volume 109, 1989  1950 Figure 4. Intracellular  distribution  of peptide-tagged and untagged HSP70 in transiently transfected cells, as determined by double-label 
indirect immunofluorescence. CV1 cells were transfected with the wild-type, tagged HSPT0 construct (A, B, and C) or the parental expres- 
sion vector containing an unmarked HSPT0 gene (D, E, and F).  After transfection,  the cells were incubated at 430C for 2 h and fixed 
for double-label indirect immunofluorescence as described in Materials and Methods. The distribution of  the tagged protein was determined 
using the LDH peptide-specific  antiserum followed by Rh-GAR, and the localization of the endogenous HSP70 protein was analyzed using 
a mixture of HSPT0-specific mAbs followed by FI-GAM. (A, B, and C) Cells transfected with the WT-tag construct.  (D, E, and F) Cells 
transfeeted with the parental, untagged HSP70 construct. (A and D) Phase-contrast micrographs. (B and E) endogenous HSPT0 distributiou. 
(C and F) Distribution  of tagged protein. 
Expression in Transfected  Cells 
After confirming that the translational reading frame of each 
construct was intact,  the coding sequences of the deletion 
mutants were shuttled  into the expression vector described 
for the wild-type construct. Each of the expression plasmids 
was transiently transfected into HeLa cells as described in 
Materials and Methods.  For each mutant,  a  single  10-cm  2 
plate was transfected with 10/~g of DNA. After transfection, 
the plates were incubated at 43°C for 2 h to induce expres- 
sion of the transfected genes.  The cells were lysed in SDS 
sample buffer, and the expression of the peptide-tagged mu- 
tants was assayed by immunoblot analysis using the LDH- 
specific antiserum.  This antiserum did not cross-react with 
any proteins in untransfected HeLa cells (Fig.  3,  UT). 
After transfection with each of the mutant constructs,  a 
single major polypeptide of the predicted molecular weight 
was detected  by the  LDH antibody after heat-shock treat- 
ment. In some cases low levels of a single degradation prod- 
uct were also detected, but could be eliminated by preparing 
the cell lysates in the presence of protease inhibitors. In addi- 
tion, all of the mutant proteins could be detected before heat- 
shock treatment (data not shown), consistent with basal ex- 
pression of the HSP70 promoter in unstressed primate cells, 
and  indicating  that  the  proteins  were  apparently  stable. 
Differences in the levels of detection of the individual  mu- 
tants reflected the transfection efficiencies of the DNA con- 
structs  rather than  the  abundance of the  proteins.  For in- 
stance,  the  transfection  efficiency of NSC  (determined by 
immunofluorescence) was very low, but within a single trans- 
fected cell the intensity of immunofluorescence was similar 
to that of the other mutants. 
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tag affected the intracellular localization of the wild-type 
protein.  The distribution of the peptide-tagged, wild-type 
protein was compared with that of the endogenous HSP70 
protein after heat-shock treatment by double-label indirect 
immunofluorescence using the anti-LDH rabbit antiserum 
and a mixture of HSP70-specific mAbs. FI-GAM antibodies 
were used to detect the mAbs, whereas Rh-GAR antibodies 
were used to detect the peptide-specific antibodies. Thus, the 
rhodamine staining revealed the distribution of the tagged 
protein alone, whereas the fluorescein pattern represented 
both the endogenous protein and the tagged protein. 
HeLa cells and monkey kidney (CV1) cells  were tran- 
siently transfected with the WT construct and plated onto 
glass  coverslips.  The  transfected cells  were  incubated at 
43°C for 2 h, fixed, and processed for immunofluorescence 
as described in Materials and Methods. The results obtained 
with HeLa and CV1 cells were identical in all experiments. 
Micrographs of CV1 cells are shown because the CV1 cells 
were more well spread and revealed more structural detail. 
After heat-shock treatment,  HSP70 migrates to the nu- 
cleus and becomes associated with nucleoli (40). Fig. 4 B il- 
lustrates  the  nucleolar  localization  of HSP70  after  heat 
shock. In addition, the association of HSP70 with other nu- 
clear structures was also detected. The distribution of the 
peptide-tagged HSP70 protein is shown in Fig. 4 C. The lo- 
calization of the tagged, wild-type protein and the endoge- 
nous HSP70 protein were similar (Fig. 4, B and C). There- 
fore,  the  addition  of the  LDH  peptide  to  the  carboxy 
terminus of HSP70 did not appear to alter the distribution 
of the  protein  following heat  shock.  These  results  were 
confirmed using the LDH antiserum in single-label indirect 
immunofluorescence to insure that the nucleolar staining de- 
tected by the Rh-GAR actually reflected the distribution of 
the tagged protein, and was not simply bleedover due to the 
intensity of the fluorescein staining (data not shown). 
The LDH antiserum did not cross-react with any proteins 
in untransfected cells (Fig. 3), only transfected cells were 
stained by the LDH antibodies and Rh-GAR. In addition, the 
transfected cells could be distinguished by observing only 
the fluorescein immunofluorescence because they displayed 
increased amounts of cytoplasmic fluorescence compared to 
untransfected cells (Fig. 4 E). To determine if the increased 
cytoplasmic staining was simply because of the high level of 
expression of the transfected gene or if the addition of the 
peptide tag was causing cytoplasmic accumulation of  the pro- 
tein, we transfected cells with a plasmid containing the un- 
tagged, wild-type HSP70 gene driven by the same promoter 
sequences (Fig. 4, D, E, and F). Because this protein was 
not tagged,  staining with the LDH antiserum provided a 
negative control (Fig. 4  F).  Indirect immunofluorescence 
with HSP70-specific mAbs revealed that a small percentage 
of cells, similar to the frequency of WT tag-transfected cells, 
displayed increased cytoplasmic fluorescence similar to the 
levels of cytoplasmic staining seen in cells transfected with 
the tagged protein (Fig. 4 E). Therefore, the high level of ex- 
pression of the transfected gene may be responsible for the 
increased cytoplasmic distribution of the protein since trans- 
fection  with  an  untagged  HSP70  protein  gave  the  same 
result. 
lntraceUular Localization of  Mutant Proteins 
We examined the intracellular distribution of  each mutant af- 
ter heat-shock treatment of transiently transfected CV1 cells 
to determine what regions of the HSP70 protein are impor- 
tant for its localization. CV1 cells were transfected with each 
deletion mutant and plated on glass coverslips.  After trans- 
fection, the cells were incubated at 43°C for 2 h and fixed 
for double-label indirect immunofluorescence as described. 
Fig. 5 shows the results for three mutants, SN (Fig. 5, A, B, 
and C), NF (Fig. 5, D, E, and F), and BC (Fig. 5,  G, H, 
and I), which all appeared similar to wild-type HSP70. In 
transfected cells containing SN, NF, or BC the distribution 
of  the mutant proteins mirrored the distribution of the endog- 
enous HSP70 protein. Specifically, both nucleolar deposition 
of the mutant proteins and association with other nuclear 
components were evident. Therefore, deletion of amino acids 
5-122 (SN), 122-264 (NF), or 415-479 (BC) did not appear 
to alter the intracellular localization of the protein. 
Mutants that revealed information about regions of HSP70 
that are important for proper localization are shown in Fig. 
6. The NSC mutant, which contains only the last 160 amino 
acids of HSP70, was similar in intracellular distribution to 
the endogenous protein (Fig. 6, B and C), indicating that the 
carboxy-terminal  quarter  of  HSP70  contains  sequences 
sufficient for association with nucleoli and other nuclear 
structures. The localization of the SMA mutant supports this 
conclusion. When amino acids 437-617 were deleted, as in 
SMA,  the resulting protein no longer associated with the 
nucleolus of heat-shocked cells (Fig. 6 F), although the en- 
dogenous HSP70  protein displayed nucleolar localization 
(Fig. 6 E).  Despite the lack of nucleolar deposition of the 
SMA mutant, the protein still appeared to be located in the 
nucleus of the cell. 
The PB  mutant, which lacks amino acids 351-414,  ap- 
peared incapable of entering the nucleus, and remained in 
the cytoplasm of heat-shocked cells (Fig. 6 I). However, the 
endogenous HSP70 protein showed the expected nucleolar 
distribution in cells transfected with the PB mutant (Fig. 6 
H). The inability of PB to enter the nucleus was confirmed 
by biochemically fractionating heat shock-treated cells that 
were  transiently  transfected  with  the  PB  construct  and 
analyzing the cytoplasmic and nuclear fractions by immuno- 
blotting (data not shown). The PB proteins were found only 
in the cytoplasm of heat-shocked cells with no detectable PB 
protein in the nucleus. 
The  final  mutant  that  was  informative with  regard  to 
nucleolar  localization was  the  carboxy-terminal deletion, 
CRI, lacking the last 138 amino acids. This particular muta- 
tion  yielded  somewhat  variable  results.  In  some  CRI- 
transfected cells, the mutant protein was detected within the 
nucleolus as shown in Fig. 6 L. However, in some cases the 
protein was distributed in a ring just outside the nucleolus 
(data not shown). The nucleolar localization of this mutant 
varied depending on the conditions of heat shock and the 
overall level of expression of the mutant protein in an in- 
dividual cell. Generally, more intense heat-shock treatments 
were necessary to cause nucleolar localization of the CRI 
protein, and cells expressing very high levels of the CRI mu- 
tant were more likely to display nucleolar deposition of the 
mutant protein than cells expressing lower levels of CRI. Ad- 
ditionally, the association of  the CRI mutant with nonnucleo- 
lar structures in other areas of the nucleus also appeared di- 
minished as compared with either the endogenous protein 
(Fig. 6 K) or to other mutants (Figs. 5 1 or 6 C). Again the 
intracellular distribution of  the CRI mutant supports the con- 
The Journal of Cell Biology, Volume  109, 1989  1952 Figure 5.  Intracellular localization of deletion mutants SN, NE and BC. CV1 cells transfected with mutants SN (A, B, and C), NF (D, 
E, and F) or BC (G, H, and I) were incubated at 43°C for 2 h and fixed for double-label indirect immunofluorescence as described in 
Fig. 4.  (A, B, and C) Cells transfected with SN.  (D, E, and F) Cells transfected with NE  (G, H, and I) Cells transfected with BC. (A, 
D, and G) Phase-contrast micrographs. (B, E, and H) Endogenous HSP70 fluorescence. (C, E  and I) Distribution of transfected deletion 
mutants. 
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protein are important for nucleolar localization and associa- 
tion with nuclear structures. 
ATP-binding Properties 
One feature common to all members of the 70-kD family of 
stress proteins is their affinity for and ability to be purified 
by ATP-agarose (41). Having mapped the regions of HSP70 
necessary for nucleolar localization to the carboxy terminus 
of the protein, we next used the deletion mutants to identify 
HSP70 sequences involved in ATP binding. We took advan- 
tage of the fact that each of the mutants could be synthesized 
in vitro in the presence of [35S]methionine  by transcribing 
the pGEM constructs with T7 RNA polymerase and then 
translating the resulting RNAs in a rabbit reticulocyte lysate. 
Each of the in vitro-synthesized mutants was incubated with 
ATP-agarose beads and the unbound material was removed 
after  pelleting  the  beads.  The  ATP-agarose  beads  were 
washed extensively and the bound material was eluted with 
ATP as described in Materials and Methods. The unbound 
and ATP-eluted fractions were immunoprecipitated with the 
LDH antiserum and the precipitated proteins were analyzed 
by SDS-PAGE. 
The wild-type (WT), CRI,  BC,  SMA,  and SN proteins 
were able to bind to ATP-agarose beads and be eluted by 
ATP-containing buffer (Fig. 7 A). In each case, a significant 
proportion of the protein remained in the unbound fraction, 
even if more ATP-agarose was added. This was not entirely 
unexpected because a  fraction of the endogenous cellular 
HSP70  protein  always  fails  to  bind  ATP-agarose  during 
purification (unpublished observations). Also, the presence 
of ATP and an ATP regenerating system in the translation 
reactions may have affected the ability of the proteins to bind 
ATP-agarose. 
Mutants PB, NF, and NSC were completely unable to bind 
to ATP-agarose (Fig. 7 B). when each of these mutants was 
incubated with ATP-agarose beads all of the protein was re- 
covered in the unbound fraction, and none appeared in the 
ATP-eluted fraction. To be certain that these mutant proteins 
were not somehow irreversibly bound to ATP-agarose, the 
beads were boiled in SDS sample buffer. Again no detectable 
protein was found in this fraction (data not shown). 
We repeated the ATP-binding assay with the PB, NF, and 
NSC mutants including the wild-type protein as an internal 
control for the integrity of the ATP-agarose beads. Each of 
the proteins was translated independently, and the translation 
reactions were mixed before the addition of ATP-agarose. As 
shown in Fig. 7 C, the wild-type protein was found in both 
the unbound and ATP-eluted fractions, whereas the PB, NF, 
and NSC proteins were present only in the unbound frac- 
tions. 
A summary of the data to this point is presented in Table 
I. Mutations in the HSP70 coding region that affected the in- 
tracellular localization of the protein were exclusively in the 
carboxy-terminal portion of the protein, whereas mutations 
in two distinct and distant regions abolished ATP-binding ac- 
tivity. These were located in a highly conserved region of the 
amino  terminus  (amino  acids  122-264)  and  a  less  well- 
conserved region roughly two-thirds of the way through the 
protein (amino acids 351-414). 
Trypsin Digestion of Deletion Mutants 
The PB mutant was somewhat peculiar in that deletion of 
this  region  of the  HSP70  protein  (amino  acids  351-414) 
affected both the intracellular localization and ATP-binding 
properties of the protein, whereas results from other mutants 
indicated that these functions mapped to distinct regions of 
the protein. This observation led us to suspect that the PB 
protein had an altered conformation. To examine this,  we 
used protease digestion to analyze the structure of the mutant 
proteins. A conserved feature of HSP70 proteins from sev- 
eral species is that cleavage with proteases such as chymo- 
trypsin and trypsin leads to production of a stable fragment 
of roughly 45 kD (4, Carillo, A., and R. I. Morimoto, un- 
published observation). Amino-terminal sequencing of this 
trypsin-resistant fragment revealed that it is derived from the 
amino terminus of the HSP70 protein. This fragment contains 
many potential trypsin cleavage sites that are inaccessible in 
the native protein, but not after denaturation. Production of 
the trypsin-stable fragment thus can be used as an indication 
of proper  folding  of the  amino  terminus  of the  HSP70 
protein. 
We synthesized each of the mutants by in vitro translation 
in the presence of [3~S]methionine, and analyzed the trypsin 
digestion products of the translation reactions by SDS-PAGE 
(Fig. 8). When no exogenous RNA was added to the transla- 
tion reaction an endogenous rabbit reticulocyte protein of 
,'o48 kD was labeled (Fig. 8 E). This polypeptide was not 
cleaved by addition of 0.5 or I #g of trypsin, and was present 
in all the translation reactions. Trypsin digestion of the wild- 
type, tagged protein (Fig. 8, WT) resulted in the production 
of a stable 45 kD fragment as described above. 
When  a  mutant  containing  a  carboxy-terminal deletion 
(CRI) was digested with trypsin the same stable 45-kD frag- 
ment was produced, suggesting that deletion of the COOH 
terminus did not alter the folding of the amino terminus (Fig. 
8, CRI). Trypsin digestion of mutants BC and SMA, which 
contain  internal  deletions  of carboxy-terminal sequences 
also resulted in the production of the stable 45-kD fragment 
(data not shown). When mutants containing internal dele- 
tions within the amino terminus of the HSP70 protein (SN 
and NF) were exposed to trypsin a stable fragment of lower 
molecular weight was generated (Fig. 8, SN). The size of this 
fragment (,o32 kD) corresponded to the 45-kD fragment mi- 
nus the deleted sequences. The 32-kD fragment was appar- 
ently less stable than the 45-kD fragment, as the amount of 
the smaller fragment was slightly diminished upon trypsin 
treatment. 
Figure 6. Intracellular distribution of deletion mutants NSC, SMA, PB, and CRI. CV1 cells were transfected with mutants NSC (A, B, 
and C), SMA (D, E, and F), PB (G, H, and I) and CRI (J, K, and L). After transfection, the cells were incubated at 43°C for 2 h and 
fixed for double-label indirect immunofluorescence as described previously. (A, B, and C) cells transfected with NSC. (D, E, and F) Cells 
transfected with SMA. (G, H, and I) Cells transfected with PB. (J, K, and I) Cells transfected with CRI. (A, D, G, and J) Phase-contrast 
micrographs. (B, E, H, and K) Endogenous HSP70 fluorescence. (C, F, I, and L) Distribution of transfected deletion mutants. 
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ties of deletion mutants. Each 
of  the  mutant  proteins  was 
synthesized in vitro by transla- 
tion in a rabbit reticulocyte ly- 
sate as described in Materials 
and Methods. The translation 
reactions were incubated with 
ATP-agarose  beads  and  the 
unbound fraction was removed 
after pelleting the beads. After 
washing the beads, the bound 
material was eluted with ATE 
Both  the  unbound  (UB)  and 
the ATP-eluted (ATP) fractions 
were immunoprecipitated with 
the  LDH antiserum  and  the 
precipitated proteins were ana- 
lyzed  by SDS-PAGE. Shown 
are  fluorographs  of the  gels. 
(A) Unbound  (UB) and ATP- 
eluted (ATP) fractions of WT, 
CRI, BC, SMA, and SN. (B) 
Unbound (UB) and ATP-eluted 
(ATP)  fractions  of PB,  NF, 
and NSC. (C) Unbound (LIB) 
and  ATP-eluted  (ATP) frac- 
tions  from  combined  reac- 
tions containing WT and PB, 
WT and NF, or WT and NSC. 
Trypsin digestion of the PB protein under identical condi- 
tions or even using 10-20-fold less trypsin did not give rise 
to any stable fragments (Fig.  8, PB).  These results indicate 
that deletion of amino acids 351-414 from the HSP70 protein 
apparently affects the  ability of the  mutant protein to fold 
properly. 
Recovery after Heat Shock 
One proposed function of the HSP70 protein is to aid in the 
repair of damage sustained by cellular structures caused by 
heat-shock treatment.  The nucleolar association of HSP70 
after heat shock is correlated with visible alterations in nu- 
clear morphology.  Upon recovery, as nucleoli  regain their 
structural integrity, HSP70 exits the nucleolus and accumu- 
lates  in  the  cytoplasm  (43).  Constitutive  expression  of 
HSP70  from  transfected  genes  in  unstressed  cells  was 
demonstrated  to  accelerate  the  recovery  of  heat-induced 
nucleolar damage (31).  This has led to the  suggestion that 
HSP70 is involved in the repair of nucleolar damage after 
stress (17, 32,  40, 42,  43). 
Many of the reported interactions of HSP70-related pro- 
teins  with  other  cellular  components,  including  nucleoli, 
have been demonstrated to be ATP dependent.  Specifically, 
addition of ATP results in the release of the 70 kD stress pro- 
teins from protein complexes in vitro (4, 9,  17, 26, 37, 48). 
Having identified a mutant HSP70 protein that was incapable 
of binding to ATP (NF), but still showed proper localization 
we  were interested  in  determining how  this  mutant might 
affect the recovery of cells from stress in vivo. CV1 cells were 
transiently transfected with the WT construct or the NF mu- 
tant and plated on glass coverslips. After incubation at 43°C 
for 2 h,  one coverslip from each transfection was removed 
and fixed for double-label indirect immunofluorescence as 
described, whereas the remaining coverslips were allowed to 
recover at 37°C  for 2,  4,  6,  and 8 h  (Fig.  9). 
Using the exit of HSP70 from nucleoli and its cytoplasmic 
accumulation as a measure of nucleolar recovery (43), after 
4 h at 37°C cells transfected with the WT construct appeared 
fully recovered (Fig.  9  C).  Both the tagged HSP70 protein 
and the endogenous protein had exited nucleoli (Fig. 9, B and 
C).  By contrast,  in the surrounding untransfected cells the 
distribution of the endogenous HSP70 protein was still pre- 
dominantly nucleolar (Fig. 9 B). Thus, cells expressing the 
transfected WT protein showed an accelerated ability to re- 
cover after heat-shock treatment. In the case of NF, we found 
that cells transfected with the mutant protein did not show 
accelerated recovery when compared to the surrounding un- 
transfected cells. After 4 h at 37°C, both the NF protein and 
the  endogenous  HSP70  protein  were  still  associated  with 
nucleoli  (Fig.  9,  E  and F). 
The immunofluorescence results were confirmed by im- 
munoblot analysis of fractionated cells after recovery. CV1 
cells were transfected with WT or NF, incubated at 43°C for 
2 h, and allowed to recover at 37°C for 4 h.  The cells were 
fractionated  into  cytoplasmic  and  nuclear  lysates  as  de- 
scribed previously, and the lysates were analyzed by immu- 
noblotting. Equal amounts of cytoplasmic and nuclear frac- 
tions  were  used  to  prepare  duplicate  blots,  which  were 
probed  with  either  the  LDH  antiserum  or  the  HSP70- 
specific rabbit polyclonal serum.  When the distribution  of 
the transfected proteins was analyzed (Fig.  10,  LDH blot), 
the WT protein was predominantly cytoplasmic, but the NF 
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tion mutants. Each of  the mutant pro- 
teins  was  synthesized  by  in  vitro 
translation as described in Materials 
and Methods.  The translation  reac- 
tions were divided into three aliquots 
and  0,  0.5, or  1 #g of trypsin  was 
added.  After  10  rain  at  30°C,  the 
digestion products were analyzed by 
SDS-PAGE. Shown is a fluorograph 
of the gel. E, endogenous translation 
reaction to which no exogenous RNA 
was added. WT, trypsin digestion of 
the wild-type, tagged HSP70. (CRI) 
Trypsin digestion of the CRI mutant. 
PB, Trypsin digestion of the PB mu- 
tant.  SN,  trypsin  digestion  of the 
SN mutant.  Approximate molecular 
weight markers are indicated at the 
right,  as  is  an  endogenous  rabbit 
reticulocyte protein (E) labeled in the 
translation  reactions  in the absence 
of added exogenous RNA. 
protein was present in both the cytoplasmic and nuclear frac- 
tions.  Since  the  efficiency  of  transfection  was  generally 
<10 %, the 70K blot for the most part represents the distribu- 
tion of the endogenous HSP70 in untransfected cells.  The 
distribution of the endogenous HSP70 protein was similar to 
that of the NF protein (Fig.  10, 70K blot), being present in 
both the cytoplasmic and nuclear fractions. These results in- 
dicate that cells transfected with the WT protein, but not NF, 
recovered faster than the surrounding untransfected cells. 
Compared with the WT protein, the NF mutant did not ap- 
pear to be functional in accelerating the recovery process. 
Later recovery timepoints revealed that some NF-transfected 
cells  actually  recovered  more  slowly  than  untransfected 
cells.  Fig.  11  shows two different fields of NF-transfected 
cells after 8 h at 37°C. The majority of the untransfected cells 
appeared fully recovered at this time. In contrast, some NF- 
transfected cells still displayed nucleolar localization of the 
NF protein (Fig. 11, B and C), whereas others appeared fully 
recovered (Fig.  11, E  and F). 
We analyzed the ability of the remaining mutants to ac- 
celerate the recovery of cells from heat shock exactly as de- 
scribed for WT and NF (data not shown).  SN and BC both 
displayed normal intracellular localization after heat shock, 
were capable of binding to ATP,  and were able to facilitate 
accelerated recovery similar to the WT protein. Not surpris- 
ingly, the PB mutant, which apparently fails to fold properly, 
was incapable of aiding the recovery process. PB-transfected 
cells recovered from heat-shock treatment with the same ki- 
netics as the surrounding  untransfected cells. 
The SMA mutant, which binds to ATP but fails to associ- 
ate with nucleoli after heat shock, still allowed the acceler- 
ated recovery of transfected cells. The ability of CRI to speed 
the recovery of transfected cells was intermediate. After 4 h 
at 37°C, only some of the CRI-transfected cells had recov- 
ered.  However, by 6 h the recovery of transfected cells was 
complete, whereas the surrounding untransfected cells were 
just beginning to recover. CRI thus was capable of accelerat- 
ing recovery, but not as efficiently as the WT protein. Curi- 
ously, the ability of the carboxy-terminal fragment, NSC, to 
aid in cellular recovery appeared similar to the WT protein. 
Discussion 
We have used the method of peptide-tagging to mark the hu- 
man  HSP70  gene  to  distinguish  the  protein  product of a 
transfected gene from the endogenous HSP70 protein.  Se- 
quences  encoding  amino  acids  5-15  of the  human  testis- 
specific LDH protein were added to the extreme carboxy ter- 
minus of the coding region of the human HSP70 gene, and 
the peptide-tagged HSP70 gene was then used to construct 
a series of deletion mutants within the HPS70 coding region. 
The deletion mutants were reintroduced by transient trans- 
fection into HeLa and CV1  cells under the regulation of a 
fragment of the human HSP70 promoter sufficient for both 
basal and heat-inducible transcription.  These deletion mu- 
tants were used to map regions of the HSP70 protein respon- 
sible for ATP binding, intracellular localization, and associ- 
ation with nuclear structures (see Fig.  12). 
The carboxy terminus of the HSP70 protein appears to be 
involved in association with nucleoli after heat shock. Three 
separate deletion mutants support this conclusion.  Deletion 
of amino acids 437-618 (SMA) resulted in a protein that, al- 
though  still  present in  the  nucleus,  did  not  accumulate  in 
nucleoli  after  heat  shock.  The  CRI  mutant,  which  lacks 
amino acids 504-641, displayed variable results with respect 
to nucleolar localization.  Finally, a  small carboxy-terminal 
fragment of HSP70,  containing only amino acids 480-641, 
displayed normal nucleolar localization. Together, these re- 
suits  indicate the  importance of sequences between amino 
acids 480 and 618  for nucleolar association of the HSP70 
protein. We cannot, however, rule out the possibility that the 
nucleolar localization of the deletion mutants may be a con- 
sequence of dimerization or multimerization of the mutants 
with the endogenous HSP70 protein. 
We should note that our results contrast a previous study 
that concluded that sequences between amino acids 114 and 
338 of the Drosophila HSP70 protein were responsible for 
nucleolar association (25). The studies differ in several im- 
portant  respects,  however.  We  have  marked  the  human 
HSP70 gene and examined deletion mutants in human cells 
and another primate line (CV1  cells), the results being the 
Milarski and Morimoto Mutational Analysis of Human HSP70 Protein  1957 Figure 9. Intracellular  distribution  of the WT and NF proteins following recovery from heat-shock treatment.  CV1 cells transfected with 
either the WT construct  (A, B, C) or the NF deletion (D, E, F) were plated on glass coverslips. After incubation at 43°C  for 2 h, the 
cells were allowed to recover at 37°C for 4 h. After recovery, coverslips were fixed for double-label  indirect immunofluorescence as de- 
scribed previously. (A, B, and C) Cells transfected with the WT construct.  (D, E, and F) Cells transfected with the NF construct.  (A and 
D) phase contrast  micrographs.  (B and E) Endogenous HSPT0 fluorescence.  (C and F) Distribution  of transfected proteins. 
same in both cell types, whereas the previous study exam- 
ined deletion mutants of Drosophila HSP70 in monkey cells. 
That Drosophila proteins are adapted to a different range of 
temperatures  than  are  primate  proteins  may  explain  why 
many of their  deletion  mutants  were  unstable  in  monkey 
cells.  Also,  the  previous deletions  were all  either  amino- 
terminal  or  carboxy-terminal deletions,  which  may cause 
more drastic structural alterations and instability than the in- 
ternal  deletions  we  have constructed.  Using  a  computer- 
generated prediction of HSP70 protein structure,  we deter- 
mined  that  the  deletion  endpoints  chosen  did  not  disrupt 
major regions of the predicted secondary structure. The pre- 
vious study also used the method of peptide-tagging to distin- 
guish the product of the transfected gene. However, the pep- 
tide chosen required modification in vitro by amidation for 
antibody recognition. Finally, we have designed our system 
such that the mutant proteins have the same pattern of expres- 
sion as the endogenous protein; they are both constitutively 
expressed and induced following heat shock. In the previous 
study the mutants were linked to the adenovirus major late 
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sis of cytoplasmic and nuclear 
fractions  of transfected cells 
during  recovery  from  heat 
shock. HeLa cells transfected 
with either the WT construct 
or the NF deletion were incu- 
bated at 43°C for 2 h and al- 
lowed to recover 4 h at 37°C. 
Atter recovery  cyt~lasmic and 
nuclear  fractions  were  pre- 
pared by hypotonic  lysis. Equal 
amounts  of the  lysates were 
resolved  by  SDS-PAGE and 
transferred  to  nitrocellulose. 
Duplicate blots were probed with either the LDH antiserum or the 
HSP'/0-specific  rabbit  polyclonal antiserum  followed by  125I-la- 
beled goat anti-rabbit antibodies. Shown are autoradiographs of  the 
filters. LDH, immunoblot probed with the LDH antiserum. 70K, 
immunoblot probed with the HSP70 antiserum.  C, cytoplasmic 
fraction of  WT- or NF-tran.~feeted  cells. N, nuclear fraction of WT- 
or NF-transfeeted cells. 
promoter and thus not heat inducible. Whether these points 
can account for the difference in results is not clear. 
Many nuclear proteins have a specific targeting signal con- 
sisting  of a  helix-destabilizing  amino  acid  followed by a 
stretch of basic amino acids (2, 11, 15, 20, 35). Proteins that 
bear these signals are generally exclusively nuclear. Analysis 
of the HSP70 sequence does not identify typical nuclear lo- 
calization sequences. Our results indicate that no single re- 
gion of the HSPT0 protein is responsible for its intracellular 
localization in unstressed cells. We have demonstrated that 
the only mutant that was incapable of entering the nucleus, 
PB, was not properly folded. Thus, the exclusively cytoplas- 
mic distribution of the PB protein was presumably due to its 
aberrant conformation. In all of the remaining deletion mu- 
tants, the tagged HSP70 molecules were distributed through- 
out  the  cytoplasm and  nucleus,  even  in  cells maintained 
at  physiological temperatures  (unpublished  observations). 
Therefore, the nuclear localization of HSPT0 appears to be 
a constitutive function of the protein. Both biochemical and 
immunological studies have revealed that in cells maintained 
at 37°C HSP"/0 is distributed throughout the cytoplasm and 
nucleus  (40,  41).  The  proportion  of  nuclear-associated 
HSP70 increases in early S phase in cells maintained at phys- 
iological temperatures (22), or in response to heat shock or 
other stress treatments (40). Changes in HSP70 distribution 
appear to be dictated by the stress-induced appearance or ac- 
cumulation of substrates  within  specific cellular compart- 
ments.  Thus  the  mechanism  of intracellular  targeting  of 
HSP70 is likely to be very different than that for proteins that 
are exclusively nuclear in distribution. 
HSP70 associates  with  nucleoli after stress  treatments, 
such as heat shock or exposure to amino acid analogues, that 
induce visible alterations in nucleolar morphology (40, 43). 
Treatment with agents that induce the stress response, but do 
not cause nucleolar damage (arsenite,  for example) do not 
lead to nucleolar accumulation of HSP70 (40, 43). Although 
we have identified carboxy-terminal sequences important for 
the nucleolar association of HSP70, this region thus does not 
function like a constitutive nucleolar targeting signal (36). 
Rather, the accumulation of HSP70 within nucleoli requires 
the appearance of damaged substrates within the organelle. 
Deletion of sequences in the amino terminus of HSP70 
affected the ATP-binding ability of the protein. Removal of 
the most highly conserved region of HSP70 (amino acids 
122-264)  abolished ATP binding.  This region also corre- 
sponds to one of the most highly conserved regions among 
different members of the 70-kD family of stress proteins. 
Human HSP70 and rat ATPase (P72) share 90 % amino acid 
identity in this region of the protein, and rat ATPase and rat 
GRP78 also show 90% homology if conservative amino acid 
substitutions are included (14, 26,  30). That deletion of this 
region affected ATP binding is consistent with the fact that 
the ability to bind ATP is a feature shared by four different 
members of the 70-kD class of stress proteins.  The major 
heat-inducible HSP70 protein, the related constitutively ex- 
pressed P72, and GRP78, which resides in the endoplasmic 
reticulum, can all be isolated by ATP-atIinity chromatogra- 
phy  (41).  In  addition,  a  recently identified mitochondrial 
HSP70-related protein also shares this ATP-binding capacity 
(Mizzen,  L.  A.,  C.  Chang,  J.  Garrels,  and  W.  J.  Welsh, 
1989,  manuscript  submitted  for  publication).  Thus,  the 
emerging hypothesis is that members of the HSP70 family 
perform a common function in their specific cellular com- 
partments, whether it be ATP-dependent protein unfolding 
or solubilization of aggregated structures.  We suggest that 
the highly conserved amino terminus may contain the com- 
mon ATP-binding domain,  whereas the carboxy terminus 
may direct substrate specificity and intracellular localization 
such as the nucleolar association of HSP70. For GRP78, se- 
quences at the carboxy terminus have been demonstrated to 
be important for retention of this protein in the endoplasmic 
reticulum (27). 
Results from protease digestion of  the HSP70 deletion mu- 
tants support the suggestion that HSP70 is composed of two 
distinct domains.  Trypsin digestion of HSP70-related pro- 
teins yields a  stable fragment of 45  kD  derived from the 
amino  terminus  of the  protein  (5,  Carillo,  A.,  and  R.  I. 
Morimoto, unpublished observations). This trypsin-resistant 
fragment contains nearly 50 potential trypsin cleavage sites 
that are inaccessible to protease in the native HSP70 protein, 
but not after denaturation. Thus, we have used the produc- 
tion of this trypsin-resistant fragment as an indicator of the 
conformation of the amino terminus of the HSP70 protein. 
Trypsin digestions of mutants containing internal deletions 
within the carboxy terminus or of the carboxy-terminal dele- 
tion mutant generated the 45-kD stable fragment; indicating 
that proper folding of the amino-terminal domain is indepen- 
dent  of sequences  in  the  carboxy  terminus.  Deletion  of 
amino acids 351-414 (PB), however, resulted in a protein that 
was completely degraded by trypsin. Interestingly, based on 
the size of the amino-terminal protease-resistant fragment, 
the trypsin cleavage site that generates this 45-kD fragment 
is probably located within the region deleted from PB. This 
region of the HSP70 protein may act as a hinge, separating 
the amino-terminal domain from the carboxy-terminal re- 
gion.  Mutants  containing  deletions  within  the amino  ter- 
minus  also  yielded  trypsin-resistant  fragments  that  were 
smaller than 45 kD by the size of the deletion. Thus, the 
amino terminus seems to fold into a structure in which much 
of the protein is inaccessible to trypsin. The carboxy termi- 
nus of HSP70 contains fewer trypsin cleavage sites than the 
amino terminus, yet is very trypsin sensitive. In support of 
this suggestion that the carboxy terminus is an accessible re- 
Milarski and Morirnoto  Mutational Analysis of Human HSP70 Protein  1959 Figure 11. Intracellular distribution of the NF protein after 8 h of recovery from heat-shock treatment.  CV1 cells transfected with the NF 
construct  were plated on glass coverslips and incubated at 43°C for 2 h and then allowed to recover at 3"/°C for 8 h. After recovery the 
cells were fixed for double-label indirect immunofluorescence as described.  (A and D) Phase-contrast micrographs. (B and E) Endogenous 
HSP70 fluoresence.  (C and F) Distribution  of the NF protein. 
gion of the HSP70 protein, we have mapped the antigenic de- 
terminants of several HSP70-specific mAbs, and have found 
that the HSP70 antigenic determinants are all located in the 
carboxy terminus of the protein (unpublished observations). 
One  currently popular theory regarding  the  function of 
HSP70 is that the protein uses the energy of ATP hydrolysis 
to promote disaggregation or repair of cellular structures, 
such as nucleoli, damaged by various stress treatments. This 
stems  from  observations  that  ATP  causes  the  release  of 
HSP70, or other members of the HSP70 family, from various 
protein complexes in vitro (4, 5, 9,  17, 26, 37, 48);  and that 
in cells constitutively expressing high levels of HSP70, the 
heat-induced  structural  alterations  visible  in  nucleoli  are 
repaired much faster (31).  Thus, we examined the recovery 
after heat shock of cells transiently transfected with either 
the WT protein or the various deletion constructs, particu- 
larly the mutant, which did not bind ATP (NF). As cells re- 
cover  from  heat  shock  the  association  of  HSP70  with 
nucleoli diminishes and the protein accumulates in the cyto- 
plasm (43). Using the intracellular distribution of HSP70 as 
a measure of cellular recovery, we found that cells transfected 
with the WT construct recovered much faster than the sur- 
The Journal of Cell Biology, Volume  109, 1989  1960 N  I  I  I  I  I  I  C 
100  200  300  400  500  600 
122-264  351-414  480-641 
ATP-binding  Nuclear  localization  Association  with 
and ATP-binding  nucleoli  and  other 
OR  nuclear  structures 
Structural  integrity 
of the protein 
Figure 12. Domains of HSPT0 identified by analysis of deletion mu- 
tants. The ATP-binding ability of the HSP70 protein was abolished 
by deletion  of amino  acids  122-264.  Removal of amino  acids 
351-414 affected both the intracellular localization and ATP-binding 
capability of the H SP70 protein, probably through disruption of the 
tertiary  structure.  The  association  of HSP70  with  nucleoli  and 
other nuclear  structures  was dependent upon the presence  of the 
carboxy-terminal  region of the HSP70 protein. 
rounding untransfected cells. However, cells transfected with 
the NF mutant,  which cannot bind ATP,  did not show ac- 
celerated recovery. In fact, some of the NF-transfected cells 
still displayed nucleolar localization of the NF protein when 
the surrounding untransfected cells had fully recovered. Ap- 
parently, the inability to bind ATP may have interfered with 
or slowed the release of the NF protein from the nucleolus. 
These results suggest that the inability to bind ATP affects 
the ability of HSP70 to dissociate from complexes in vivo. 
This is consistent with in vitro data indicating that ATP pro- 
motes dissociation of HSP70 from complexes (4, 5, 9, 17, 26, 
37,  48). 
Models have been proposed in which HSP70 binds ATP 
before its interaction with other components (17, 32).  Our 
results indicate that this  may not be absolutely necessary. 
Both the NF mutant and the carboxy-terminal fragment NSC 
displayed typical association with nucleoli and other nuclear 
structures, yet neither of these mutants was able to bind ATP. 
Hence, the inability to bind ATP did not appear to influence 
the ability of HSP70 to associate with nucleoli. 
The recovery experiments have allowed us to draw some 
conclusions regarding the necessity of ATP-binding for the 
function  of HSP70.  However,  they  have also left us  with 
many questions that illustrate the complexity of the recovery 
process. For instance, some of the HSP70 deletions had little 
or no effect on the ability of the mutant protein to accelerate 
the recovery of cells from heat shock, and in essence had no 
phenotype. Does this imply that these regions of the protein 
are unnecessary, or does our inability to detect a phenotype 
for these mutants stem from the limited functional assays and 
our lack of understanding  of the  function of HSP70?  The 
SMA mutant, which, although present in the nucleus, did not 
associate with nucleoli after heat shock, was still capable of 
allowing transfected cells to recover faster than the surround- 
ing untransfected cells. Besides the repair of nucleolar dam- 
age, what other processes in the nucleus might the SMA pro- 
tein  be  facilitating  to  allow  the  accelerated  recovery  of 
transfected cells?  The most perplexing  result,  however,  is 
that the small carboxy-terminal fragment NSC also allowed 
the  accelerated  recovery of transfected cells.  This  mutant 
lacks the entire amino terminus and cannot bind ATP.  Yet, 
unlike the NF protein, this small fragment somehow facili- 
tated accelerated recovery and its ability to dissociate from 
nucleoli did not appear to be altered. Perhaps this peculiarity 
is due to the small size of the NSC fragment. We demon- 
strated that the carboxy-terminal sequences present in NSC 
were responsible for directing HSP70 to the nucleolus, but 
we cannot rule out that another region of the protein not con- 
mined in the NSC fragment may also be involved in binding 
to nucleoli. This other binding site may in fact be what neces- 
sitates ATP-dependent release. How the NSC fragment can 
facilitate  accelerated  recovery  is  unclear.  One  possible 
model is that the HSP70 protein may be capable of both ATP- 
dependent  and  -independent  interactions  with  substrates, 
and different regions of the protein may be used for these in- 
teractions. Both types of interactions may be necessary dur- 
ing the recovery of cells from stress treatments. By augment- 
ing either one or both of these interactions by overexpressing 
wild-type HSP70 or the various deletion mutants, the recov- 
ery process may be accelerated. 
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